Introduction
Lung cancer is one of the most devastating diseases. Despite advances in treatment, the 5-year survival rate is only slightly better than 10%, and the majority of late-stage patients die within 18 months of diagnosis (1) . The high mortality rate of lung cancer is mainly attributed to a failure of early diagnosis, and metastasis has frequently occurred by the time of diagnosis. Understanding the mechanism of lung cancer progression and metastasis could lead to more effective diagnosis, prognosis, and targeted therapy.
Current knowledge of tumor biology has evolved to consider the tumor an aberrant organ, in which transformed cells, along with other cell and non-cell constituents in the tumor microenvironment, conspire to facilitate tumor progression (2) . Among the non-cell constituents, extracellular matrices and matrixdegrading enzymes affect many aspects of tumor behavior such as growth, survival, motility, invasion, and metastasis (3, 4) . As to the cell constituents of stroma, immune and nonimmune cells engage in an extensive and dynamic interplay with tumor cells, thereby contributing to various malignant hallmarks of cancers (5) . For instance, tumor-associated macrophages and Tregs play key homeostatic roles to allow tumor maintenance and growth in an immunosuppressive milieu and also diminish the effectiveness of immunotherapy (6) . However, the molecular mechanism by which tumor cells regulate the functions of cell and non-cell constituents of stroma and the signals mediating the communication between tumor and stromal cells are not completely defined.
The promyelocytic leukemia (PML) protein was originally identified as a fusion partner of retinoic acid receptor α in acute promyelocytic leukemia (7) and is a tumor suppressor (8, 9) . Mechanistically, PML inhibits tumor cell proliferation, migration, and invasion and promotes apoptosis and senescence (8) (9) (10) (11) . PML also regulates neoangiogenesis, cancer metabolism, and cancer stem cell maintenance (12) (13) (14) (15) . However, these multifaceted functions are largely confined to the behaviors of tumor cells. The roles of PML in regulating the tumor microenvironment and tumor immunity remain poorly characterized.
Consistent with its tumor-suppressive functions, PML protein is frequently downregulated in diverse types of human cancers including lung cancer (16) . Evidence has emerged that the ubiquitin/proteasome pathway is a key mechanism for PML downregulation in tumors (17) . Accordingly, aberrant PML ubiquitination and
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To determine the region in WDR4 that is critical for PML binding, we performed a structural modeling of WDR4 using the tertiary structure of TRM82 (27) , the yeast ortholog of WDR4, as a template. The WD-repeat domain of WDR4 adopts a 7-blade β-propeller structure, in which the WDxR motif is localized to the bottom surface of the β-propeller (Supplemental Figure 2A) . Because of the possible steric hindrance between DDB1 and substrate binding and the frequent utilization of the top surface for peptide binding (28), we deleted a few residues in each of the 14 linkers on the top surface (Supplemental Figure 2B ). An in vitro binding assay revealed that most of these mutants displayed a reduction in PML-I binding, with dTL1, dTL3, and dTL11 showing the most dramatic effect (Supplemental Figure 2C) . Accordingly, dTL1 showed a marked defect in promoting PML ubiquitination (Supplemental Figure 2D) , further supporting the idea of a direct role for CRL4 WDR4 in PML ubiquitination. WDR4 promotes PML proteasomal degradation. Next, we investigated the consequence of PML ubiquitination by CRL4
. WDR4 overexpression in multiple cell lines reduced PML abundance, whereas the WDR4 R219A and dTL1 mutants did not elicit a significant effect ( Figure 2 , A and B, and Supplemental Figure 2E ). Conversely, WDR4 knockdown in multiple cell types, including the lung cancer cell lines A549 and H1299 and the patient-derived primary lung cancer cells CL152 and CL141, markedly increased PML levels ( Figure 2C and Supplemental Figure 5A ). WDR4 knockdown in normal human bronchus epithelial BEAS-2B cells led to a modest increase in PML abundance, presumably because of its low WDR4 and high PML levels ( Figure 2C ). A cycloheximide (CHX) chase experiment showed that WDR4 overexpression increased PML-I turnover, whereas WDR4 knockdown stabilized endogenous PML levels ( Figure 2 , D and E). Furthermore, proteasome inhibition induced a greater PML stabilization in cells carrying WT WDR4 than did cells with a WDR4 R219A mutant ( Figure 2F ). These findings indicate that WDR4 potentiates PML proteasomal degradation.
The WDR4/PML axis is hyperactivated in lung cancer and correlates with a poor prognosis. Having identified a WDR4-dependent PML degradation pathway, we next explored its clinical significance in human cancers. Immunohistochemical analysis of a tissue microarray of multiple types of cancers derived from patients revealed possible high expression levels of WDR4 in lung cancer (Supplemental Figure 3A) . Furthermore, by analyzing The Cancer Genome Atlas (TCGA) data set for patients with lung adenocarcinoma (including 512 primary tumor tissues and 59 adjacent normal tissues), we found upregulated WDR4 mRNA in all stages of tumor tissues compared with mRNA levels in normal tissues (Figure 3A) . In addition, higher WDR4 mRNA levels correlated with poor patient survival ( Figure 3B ). We obtained similar findings by analyzing microarray data sets of lung cancer cohorts retrieved from the NCBI's Gene Expression Omnibus (GEO) database (Supplemental Figure 3 , B and C). Since PML protein is prevalently downregulated in lung cancer (16), we focused on this cancer type. We assessed the protein expression of WDR4 and PML in a cohort of 120 lung cancer patients. Immunohistochemical analydegradation has been observed in a number of cancer types (14, (18) (19) (20) (21) (22) , and the ubiquitin ligases cullin 3-kelch-like family member 20 (CUL3-KLHL20) and ubiquitin protein ligase E3A (E6AP) are responsible for PML destruction in certain cancer types (18, 22) . However, the ubiquitin ligase that mediates PML degradation in lung cancer remains elusive, and the molecular mechanism for PML degradation in tumors has not been completely understood.
The CUL-RING ubiquitin ligases (CRLs), including CRL1-5 and CRL7, consist of the largest family of E3 ligases. The CRL4 complex contains CUL4A or CUL4B, the ring finger protein regulator of cullin 1 (ROC1), a linker protein called damage-specific DNA-binding protein 1 (DDB1), and one of the WD repeat-containing substrate adaptors, referred to as DCAFs (DDB1-and CUL4-associated factors). Most DCAFs contain a signature sequence called DWD box, which ends in a WDxR motif (23) (24) (25) (26) . In this study, we report a previously unknown PML ubiquitination pathway mediated by WD repeat 4-containing CUL-RING ubiquitin ligase 4 (CRL4
) and reveal what in our view is a significant prognostic value of this pathway in lung cancer. We further show that this PML ubiquitination pathway plays a key role in lung cancer growth, progression, and metastasis by inducing a set of genes that regulate multiple constituents of the tumor microenvironment.
Results

Identification of CRL4
WDR4 as a PML ubiquitin ligase. To identify novel PML ubiquitin ligases, we assayed PML ubiquitination in cells expressing a dominant-negative (DN) mutant of each CUL family protein. Consistent with our previous study (18) , we found that CUL3-DN reduced PML ubiquitination. Interestingly, CUL4-DN elicited a similar effect ( Figure 1A ). PML ubiquitination was also diminished by depletion of the CRL4 component DDB1 (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI89957DS1). To search for the substrate adaptor that mediates CRL4-dependent PML ubiquitination, we individually depleted 13 reported or predicted DCAFs. This screen revealed a marked decrease in PML ubiquitination by WDR4 knockdown (Supplemental Figure 1B) . We observed similar effects in another cell line and by transfecting cells with a WDR4 siRNA ( Figure 1B) . Reciprocally, WDR4 overexpression enhanced the ubiquitination of PML-I and PML-IV ( Figure 1C ). WDR4 is a WD-repeat protein that possesses a signature sequence of DCAFs (Supplemental Figure 1C) . Consistent with the DCAF characteristics, WDR4 carrying a mutation in the WDxR motif (R219A) showed a reduced ability for DDB1 binding and CUL4/ DDB1-mediated autoubiquitination ( Figure 1D and Supplemental Figure 1D ). This mutant was also less effective at promoting PML ubiquitination than was the WT protein (Supplemental Figure 1E) . We further showed that WDR4 was capable of binding exogenous and endogenous PML ( Figure 1E and Supplemental Figure 1F ) and that WDR4 depletion compromised PML binding to endogenous DDB1, CUL4A, and CUL4B ( Figure 1F ). These findings collectively support the notion that WDR4 functions as a CRL4 substrate adaptor that recruits PML to the CUL4-DDB1 complex. Next, we sought to determine whether PML is a direct substrate of CRL4
WDR4
. Glutathione-S-transferase (GST) pull-down analysis demonstrated a direct interaction between purified PML and WDR4 ( Figure  1G ). Furthermore, an in vitro ubiquitination assay showed that Figure 4B and data not shown). WDR4 R219A and WDR4 dTL1, which could not cause PML downregulation, did not significantly elevate the expression of these 3 proteins (Supplemental Figure 4C ). In the reciprocal experiment, WDR4 knockdown in A549 cells and patient-derived primary lung cancer cells decreased the expression levels of CD73, uPAR, and SAA2, which were all reversed by PML knockdown ( Figure 4E and Supplemental Figure 4D ). These findings identify 3 downstream effectors for the WDR4/PML axis. CD73, also known as NT5E, is a membrane-bound nucleotidase that catalyzes the conversion of extracellular AMP to adenosine, which binds to adenosine receptors on the surface of immune cells to elicit profound immunosuppressive effects (29) . Additionally, CD73 enhances tumor migration, invasion, and metastasis at least partly through an immune-independent mechanism (30) . uPAR participates in the plasminogen activation system to promote extracellular matrix (ECM) proteolysis and functions as a coreceptor of integrin to enhance ECM signaling (31) . Serum amyloid A (SAA) family proteins, including SAA2, promote tumor migration, invasion, and metastasis through multiple mechanisms, including the promotion of ECM proteolysis via plasminogen activation (32) . Thus, these 3 proteins can each contribute to the establishment of a prometastatic tumor microenvironment to enhance the metastasis-related traits of tumor cells. In line with their tumor-promoting functions, our analysis of TCGA data set revealed CD73 and SAA2 upregulation in patients with certain stages of lung adenocarcinoma (Supplemental Figure 4E) . Furthermore, our analysis of both TCGA lung adenocarcinoma and GEO lung cancer data sets revealed that high expression levels of either CD73 or uPAR correlated with a poor prognosis (Supsis revealed nuclear staining for both WDR4 and PML ( Figure 3C , insets). Compared with the adjacent normal lung tissues, tumor tissues showed significant upregulation of WDR4 and downregulation of PML ( Figure 3C ). Furthermore, high WDR4 expression levels correlated with low PML expression levels ( Figure 3D ). These data support a frequent hyperactivation of the WDR4/PML axis in lung cancer. Importantly, high expression of WDR4, low expression of PML, or a combination of high WDR4 and low PML expression all correlated with poor disease-free survival ( Figure  3 , E-G). Our findings indicate the prognostic value of WDR4 and PML expression in lung cancer and suggest a role for the WDR4/ PML axis in lung malignancy.
The WDR4/PML axis induces a set of tumor-promoting factors. To explore the functional impact of the WDR4/PML axis on lung malignancy, we performed cDNA microarray analysis to identify genes whose expression was coregulated by WDR4 overexpression and PML knockdown in the A549 lung cancer cell line. Our data indicated that the transcripts of 1,716 genes and 328 genes were altered by PML knockdown and WDR4 overexpression, respectively. The weaker effect elicited by WDR4 overexpression versus PML knockdown may have been the result of a milder reduction in PML expression by WDR4 overexpression than by PML siRNA (Supplemental Figure 4A) . Nevertheless, 36 transcripts were coincidently regulated by WDR4 overexpression and PML knockdown ( Figure 4A ). Gene ontology (GO) analysis of these genes revealed that wound healing, cell motion, and locomotory behavior are among the significantly overrepresented biological processes ( Figure 4B ), suggesting an effect of the WDR4/ PML axis on cell migration. We validated several tumor-promoting genes in the upregulated group and tumor-suppressive genes in the downregulated group by reverse transcription quantitative PCR (RT-qPCR) and Western blot analyses. These analyses demonstrated that CD73, urokinase-type plasminogen activator Since uPAR and SAA2 can each induce the activation of MMPs through plasminogen activation (32, 35, 36) , we examined whether the WDR4/PML axis could regulate the activity of certain MMPs in conditioned medium (CM). Remarkably, MMP2 and MMP9 activity was consistently upregulated by WDR4 overexpression or PML knockdown ( Figure 4 , H and I). Thus, our study demonstrated that the WDR4/PML axis induces the expression or activation of a set of tumor-promoting factors including CD73, uPAR, SAA2, MMP2, and MMP9, each of which is known to enhance metastasis-related traits such as migration and invasion.
plemental Figure 4 , F and G). Notably, both CD73 and uPAR are downstream targets of HIF-1 (33, 34) , and the level of SAA2 was also induced under hypoxic conditions in an HIF-1α-dependent manner (Supplemental Figure 4H ). Since PML is known to suppress HIF-1α translation (12), we tested whether the WDR4/ PML axis regulates CD73, uPAR, and SAA2 through HIF-1. Importantly, we found that depletion of HIF-1α attenuated the induction of CD73, uPAR, and SAA2 by WDR4 overexpression and PML knockdown in both normoxic and hypoxic conditions (Figure 4 , F and G). These data indicate that WDR4-mediated PML degradation upregulates HIF-1 to induce these 3 effectors. The WDR4/PML axis promotes lung cancer migration and invasion. Next, we investigated the impact of the WDR4/PML axis on lung cancer migration and invasion. We established A549 and H1299 cell lines that stably expressed WDR4 shRNA or coexpressed WDR4 shRNA and PML shRNA ( Figure 5A and Supplemental Figure 5A ). Remarkably, knockdown of WDR4 in A549 and H1299 cells suppressed cell migration and invasion, which were reversed by PML knockdown ( Figure 5B and Supplemental Figure 5B ). We made similar observations in the patient-derived primary lung cancer cells CL152 and CL141 (Supplemental Fig- Figure 5H ). These data support a role for the WDR4/PML axis in stimulating lung cancer migration and invasion and suggest that the induction of CD73/uPAR/SAA2 contributes to this migration and invasion.
Since the WDR4/PML axis induces the expression or activation of several secreted proteins such as SAA2, MMP2, and MMP9, which are known to promote migration and invasion, we tested the effect of CM taken from A549 and H1299 derivatives on the migration and invasion of parental A549 cells. CM ure 5, C-E). In reciprocal experiments, we established A549 and H1299 cells overexpressing WDR4 or WDR4 and PML-IV (Figure 5C and Supplemental Figure 5F ). Compared with control cells and cells coexpressing WDR4 and PML-IV, WDR4-overexpressing cells showed greater migratory and invasive capabilities ( Figure 5D and Supplemental Figure 5G ). The migration-and invasion-promoting functions of WDR4 were also attenuated by overexpression of PML-I ( Figure 5 , E and F), the most abundant isoform of PML (37) . Interestingly, knockdown of CD73, uPAR, or SAA2 each compromised the migration-and invasion-promoting Figure 5 ). Representative images at week 6 (A) and week 7 (D) and the kinetics of metastasis at the indicated time points. Data in A and D represent the mean ± SD. ***P < 0.001 for week-6 data (n = 5 per group) (A) and *P < 0.05, **P < 0.01, and ***P < 0.001 for week-7 data (n = 4 per group) (D), all by 1-way ANOVA with Tukey's post test. (B and E) Lung metastasis and histological analysis of the lungs at week 6 (B) and week 7 (E). Nodules are indicated by arrows. Scale bars: 2 mm (top) and 500 μm (bottom). (C and F) Number of metastatic nodules at the surface of the lungs at week 6 (C) and week 7 (F). Data represent the mean ± SD; n = 5 per group (C) and n = 4 per group (F). **P < 0.01 and ***P < 0.001, by 1-way ANOVA with Tukey's post test. jci.org Volume 127
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PML knockdown (Figure 6 , D-F, and Supplemental Figure  6 , D-F). Thus, WDR4-mediated PML degradation plays a prometastatic role in lung cancer. We further examined the prometastatic function of the WDR4/PML axis in lung cancer using an animal model to monitor the full range of metastatic properties including invasion, intravasation into the circulation, extravasation, and colonization at the metastatic site. To this end, we first established WDR4-knockdown and WDR4/PML double-knockdown lines in Lewis lung carcinoma (LLC1) cells, which were derived from lung adenocarcinoma in a C57BL/6 mouse. Knockdown of mouse WDR4 (mWDR4) upregulated mouse PML (mPML) in LLC1 cells ( Figure  7A ), indicating the existence of the WDR4/PML axis in the mouse. When we cultured the parental and knockdown cells in vitro, we did not observe a significant difference in proliferation ( Figure 7B ). We then inoculated these cells s.c. into C57BL/6 mice. To stimulate tumor metastasis (38) and to minimize the influence of the primary tumor size on metastatic progression, the primary tumors were removed when they reached 800 mm 3 in size. Immunohistochemical analysis revealed lower expression levels of CD73, uPAR, and SAA2 in primary tumors derived from WDR4-knockdown cells than did tumors derived from control and WDR4/PML double-knockdown cells (Supplemental Figure 7A ), indicating that the WDR4/PML axis similarly induces these 3 effectors in LLC1 cells. With this finding, we analyzed lung metastasis 2 weeks after removal of the primary tumors ( Figure 7C ). Importantly, WDR4-depleted LLC1 cells displayed a significant reduction in lung metastasis compared with control LLC1 cells. This metastasis-suppressive effect of WDR4 shRNA was reversed by PML shRNA ( Figure 7D ). Thus, our findings with this full-range metastasis model again demonstrated a critical role of the WDR4/PML axis in promoting lung cancer metastasis.
The WDR4/PML axis induces an immunosuppressive tumor microenvironment. Interestingly, we observed that WDR4 knockdown in LLC1 cells compromised the growth of primary tumors in the aforementioned syngeneic mouse model, and this effect was partially rescued by PML knockdown ( Figure 8A) . The difference in tumor growth correlated with the in vivo proliferation rate of the primary tumor cells, which was in sharp contrast to their similar proliferation rate observed in vitro (compare Figure 8B with Figure 7B ). These findings suggest a role for the WDR4/PML axis in regulating the tumor microenvironment, thereby influencing the growth of primary tumors. We therefore investigated the stromal components that were affected by the WDR4/PML axis derived from WDR4-knockdown cells was less effective at stimulating cell migration and invasion compared with CM from control cells or WDR4/PML double-knockdown cells ( Figure 5I and Supplemental Figure 5I ). In a reciprocal set of experiments, CM from WDR4-overexpressing cells conferred higher migratory and invasive abilities than did CM from control cells or WDR4/ PML-IV-or WDR4/PML-I-coexpressing cells ( Figure 5 , J and K). Importantly, depletion of CD73, uPAR, or SAA2 each attenuated the paracrine effect of WDR4 on the stimulation of migration and invasion ( Figure 5L ). These findings indicate that the WDR4/ PML axis stimulates lung cancer migration and invasion at least partly through the regulation of non-cell constituents of the tumor microenvironment and that CD73, uPAR, and SAA2 probably participate in this paracrine effect.
The WDR4/PML axis promotes lung cancer metastasis. To investigate the role of the WDR4/PML axis in lung cancer metastasis, we first undertook an experimental metastasis model by injecting A549 derivatives into the circulation of NOD/SCID mice. As revealed by bioluminescence analysis, cells overexpressing WDR4 showed a substantially greater potential to form metastases in lung compared with control, WDR4/PML-IV, or WDR4/PML-I cells ( Figure 6A and Supplemental Figure 6A ). Examination of lung for the presence of metastatic nodules confirmed the data obtained from bioluminescence analysis (Figure 6 , B and C, and Supplemental Figure 6 , B and C). Reciprocally, WDR4 knockdown in A549 cells and patient-derived primary lung cancer cells (CL152) suppressed lung metastasis, which was completely reversed by Wdr4 fl/fl mice (referred to hereafter as KPW mice) were generated tumors derived from WDR4-knockdown cells, respectively (Supplemental Figure 7D and Figure 8E ). These WDR4-knockdown effects were all reversed by WDR4/PML double knockdown. Consistent with these immunohistochemical data, our flow cytometric analysis of the primary tumors also revealed a decrease in Tregs and M2-like macrophages and an increase in CD8 + T cells in tumors derived from WDR4-knockdown cells compared with tumors derived from control and WDR4/PML double-knockdown Figure 8I ). Thus, our study revealed a key role of WDR4 in lung tumorigenesis and progression in GEMMs, a function that is at least partly mediated through CD73-dependent immunosuppressive effects.
Discussion
In this study, we identify WDR4 as a substrate adaptor of CRL4. Our findings are consistent with a previous study that identified WDR4 as one of the proteins stabilized by CUL4 inhibition (45) . Importantly, CRL4
WDR4 catalyzes the polyubiquitination of the tumor suppressor PML, resulting in its proteasomal degradation. We further show that high WDR4 expression frequently occurs in lung cancer and correlates with PML downregulation and poor patient survival, which supports the clinical relevance of this PML degradation pathway to lung malignancy. The mechanism for WDR4 upregulation in lung cancer is currently unknown. Since amplification of the WDR4 genomic locus is rare in lung cancer (0.4% revealed by the cBioportal for Cancer Genomics database, http://www.cbioportal.org/), this upregulation probably occurs at a transcriptional or posttranscriptional level. Interestingly, amplification of the CUL4A gene has been observed in a small subset of patients with lung cancer (46) , suggesting an alternative mechanism for PML downregulation in lung cancer.
The functional impact of WDR4-mediated PML degradation on lung tumor formation and progression has been uncovered by the identification of a set of cell-surface or secreted proteins that are upregulated or activated by WDR4 overexpression or PML depletion. Among them, uPAR, SAA2, MMP2, and MMP9 can each induce ECM remodeling through direct or indirect mechanisms (31, 32, 47, 48) . Although PML was previously reported to suppress by crossing Wdr4 fl/fl mice (39) with LSL-Kras G12D/+ p53 fl/fl mice (referred to hereafter as KP mice), a well-established GEMM for human lung adenocarcinoma (40) . Lung tumorigenesis was induced by intratracheal administration of Cre-expressing adenovirus (Ad-Cre), which led to the simultaneous expression of oncogenic Kras G12D and deletion of transformation-related protein 53 (Trp53) and Wdr4. Lung tumors derived from KPW mice expressed only trace amounts of WDR4, which were presumably derived from stromal cells (Supplemental Figure 8A) . Furthermore, KPW lung tumors expressed higher levels of PML and lower levels of CD73, uPAR, and SAA2 than did KP lung tumors (Supplemental Figure 8A ). Importantly, the KPW mice showed significant and persistent reductions in lung tumor burden and lung weight, which correlated with a decrease in lung tumor cell proliferation ( Figure 9 , A-C, and Supplemental Figure 8 , B and C). Pathological analysis revealed a lower number of total lung lesions in KPW lungs than was observed in KP lungs, especially for adenoma and adenocarcinoma (Supplemental Figure 8D) , suggesting that WDR4 deficiency impairs lung tumor formation and progression. Accordingly, the KPW mice had significantly prolonged survival ( Figure 9D ). These findings indicate a lung tumor-promoting effect of WDR4 in this GEMM.
Consistent with our observations from the syngeneic mice model, lung tumors derived from KPW mice contained fewer Foxp3 + Tregs and CD206 + M2-like macrophages and more CD8 + T cells than did tumors from KP mice ( Figure 9E and Supplemental Figure 8E ). A reduction of M2-like macrophages in KPW lung tumors was also observed by examining another marker, arginase 1 (Arg-1) ( Figure 9E and Supplemental Figure 8E ). Furthermore, flow cytometric analysis confirmed decreased CD4 + Foxp3 + Tregs in the KPW mouse lungs, but not in the local draining mediastinal lymph nodes (Figure 9 , F and G, and Supplemental Figure 8F) . We also observed a decreased ratio of CD206 + M2-like macrophages to total (CD68 + ) macrophages in KPW mouse lungs compared with the ratio in KP mouse lungs, suggesting an inhibition of M2 polarization by WDR4 deficiency (Figure 9, H and I) . Notably, CD73 is known to promote Treg accumulation and M2 macrophage differentiation in the tumor microenvironment (29, 41, 42) , and Tregs can in turn suppress CD8 + T cells (43, 44) . We therefore Figure 10 . Model for WDR4-mediated PML degradation and its impacts on the tumor microenvironment. WDR4-based CRL4 ubiquitin ligase is responsible for PML ubiquitination (U) and destruction. The WDR4-mediated PML degradation pathway acts through HIF-1α to induce the expression of CD73, uPAR, and SAA2, which function in coordination to foster an immunosuppressive and prometastatic lung tumor microenvironment, thereby potentiating lung tumor formation, progression, and metastasis. jci.org Volume 127 Number 8 August 2017
Recent studies have revealed a 2-way interaction between tumor cells and immune cells in the tumor microenvironment. On one hand, activation of tumor-intrinsic oncogenes such as β-catenin (CTNNB1) (51) , STAT3 (52, 53) , enhancer of zeste 2 polycombrepressive complex 2 subunit (EZH2), and DNA methyltransferase 1 (DNMT1) (54) and loss of function of the tumor suppressor p53 (55) have been shown to contribute to immune exclusion by influencing the production of cytokines and/or chemokines by tumor cells. On the other hand, immune cells in the tumor microenvironment can not only induce cancer dormancy (56) or foster immune evasion (57), but also promote tumor stemness and metastasis-related traits (58, 59) . The immune-suppressive effects of PML degradation identified in this study have expanded the list of tumor-intrinsic oncogenic programs with immunemodulatory functions. Future studies will elucidate whether these immune-modulatory functions can trigger a feedback effect to further enhance the malignant traits of tumor cells.
In summary, we identify what we believe to be a new PML ubiquitination and degradation pathway, manifest its hyperactivation in lung cancer, and elucidate its significance in remodeling both non-cell and cell constituents of the tumor microenvironment to promote lung cancer growth and metastasis ( Figure 10 ). In addition to uncovering previously unreported prometastatic targets, our study has expanded the pleiotropic tumor-promoting mechanisms of PML degradation to include the establishment of an immunosuppressive tumor microenvironment, which implies potential immune-modulatory approaches for treating lung cancer with aberrant PML degradation.
Methods
Cell culture. 293T, 293FT, H1299, H460, and A549 cells were obtained from ATCC. CL1-0 and LLC1 cells were provided by Pan-Chyr Yang (National Taiwan University) and Muh-Hwa Yang (National YangMing University, Taipei, Taiwan). 293T, 293FT, H1299, CL1-0, and A549 cells were cultured in DMEM. H460 cells were maintained in RPMI 1640 medium. LLC1 cells were cultured in DMEM high-glucose medium. All media were supplemented with 1% penicillin/streptomycin (Gibco, Thermo Fisher Scientific) and 10% FBS. The primary human lung cancer cells CL141 and CL152 were established previously (60) by isolating cells from the pleural effusion of patients with nonsmall-cell lung cancer at the National Taiwan University Hospital (Taipei, Taiwan) and were cultured in RPMI 1640 medium supplemented with sodium pyruvate and 10% FBS.
Plasmids. Plasmids encoding Myc-ubiquitin, His-ubiquitin, Myc-CUL3, Myc-ROC1, Flag-PML-I, and Flag-PML-IV were described previously (18) . WDR4 cDNA (39) was subcloned to pRK5 with a Myc-or V5-tag, and WDR4 mutants were generated by site-directed mutagenesis. All CUL-DN mutants were generated by site-directed mutagenesis from WT constructs obtained from Hsueh-Chi Sherry Yen (Institute of Molecular Biology, Academia Sinica, Taipei, Taiwan). pcDNA3-HA-DDB1 (plasmid no. 19909), pcDNA3-Myc3-CUL4A (plasmid no. 19951) and pcDNA3-Myc3-CUL4B (plasmid no. 19922) were purchased from Addgene. For the establishment of lentivirus-based constructs, Myc-WDR4, Flag-PML-I, and Flag-PML-IV were subcloned to pLAS3w.Pneo or pLAS3w.phyg.
Antibodies and reagents. The antibody against mouse WDR4 was described previously (39) . Other antibodies used in this study are the expression of MMP2 and integrin β1 in certain cell types (10, 49) , their expression was not significantly induced by the WDR4/ PML axis in our cell system. Instead, our study suggests that the WDR4/PML axis acts through uPAR and SAA2 to influence the activity of integrin and MMPs. Additionally, the 3 effectors of the WDR4/PML axis, i.e., CD73, SAA2, and uPAR, can each function as an ECM adhesion molecule to influence the adhesion of tumor cells (29, 31, 32, 48) . Thus, the WDR4/PML axis could elicit multifaceted mechanisms, such as the promotion of ECM remodeling and degradation and enhancement of cell adhesion, to influence tumor cell motility and invasiveness. Accordingly, the WDR4/ PML axis promotes lung tumor cell migration and invasion, and CD73, uPAR, and SAA2 each participates in these effects. Since these effects are recapitulated using CM derived from tumor cells, the non-cell constituents of the tumor microenvironment, such as ECM-degrading enzymes and other soluble factors, should play a role in the migratory and invasive functions of the WDR4/PML axis. In line with these migratory and invasive functions, the PML degradation pathway enhances tumor metastasis, as assessed by 2 animal models of metastasis that monitor the partial and full process of the tumor invasion-metastasis circuit, respectively. Thus, our study identifies a profound role of the WDR4/PML axis in lung cancer metastasis, one that is at least partly mediated through a set of effectors including CD73, uPAR, SAA2, and MMPs.
Besides the non-cell constituents, the cell constituents of the tumor microenvironment also play a crucial role in tumor progression. Although the role of PML in stimulating IFN-β expression to contribute to antiviral responses was previously reported (50), its involvement in antitumor immune surveillance has not been explored. In the lung cancer cell system used in this study, IFNB mRNA expression was below the detection limit (data not shown), indicating a context-dependent effect. Nevertheless, we identified CD73 as an effector of the WDR4/PML axis. By converting extracellular AMP to adenosine, CD73 suppresses antitumor immune cells and enhances regulatory immune cells to establish an immunosuppressive tumor microenvironment (29) . Accordingly, we found that the WDR4/PML axis increases intratumoral Tregs and M2-like macrophages and decreases CD8 + T cells in a syngeneic mouse model, which coincides with an increased proliferation of tumor cells in vivo. In line with these findings, WDR4 deficiency in a GEMM of lung cancer (KP model) decreases intratumoral Tregs and M2-like macrophages but increases CD8 + T cells, thereby suppressing lung tumor formation and progression to prolong survival. Since the phenotypes of WDR4 ablation in this GEMM resemble those in the syngeneic mouse model, in which PML knockdown rescues the effects of WDR4 knockdown, we postulate that PML stabilization accounts for a major mechanism of the tumor-suppressive effects of WDR4 deficiency seen in this GEMM. In support of this notion, blockage of CD73, an effector of the WDR4/PML axis, completely inhibits the tumor promotion and immunosuppressive functions of WDR4. These findings strongly support a major contribution of CD73-mediated adenosinergic signaling to the phenotypes of WDR4 deficiency observed in the GEMM, even though we cannot completely rule out the involvement of other targets or partners of WDR4 or PML. Of note, our data derived from the GEMM also suggest the existence of a cooperative function of the WDR4/PML axis with Kras mutation and p53 deficiency in lung tumorigenesis. jci.org
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subtracting the values at t = 0 hours from those at t = 6 hours and normalized to control. Migration and invasion assays. For Transwell migration and invasion assays, the underside of a Transwell polycarbonate membrane (8-μm pore size) (EMD Millipore) was coated with 15 μg/ml collagen. For the migration assay, 4 × 10 4 cells resuspended in serum-free medium containing 1% BSA were plated onto the upper chamber, and the medium containing 1% BSA and 20% FBS was added to the lower chamber. For the invasion assay, the upper side of a Transwell membrane was precoated with Matrigel, and 6 × 10 4 cells were plated onto the upper chamber. For assays using CM, 4-fold concentrated CM was added to the lower chamber. Cells were incubated at 37°C for 6 hours (for the migration assay) or 18 hours (for the invasion assay). To distinguish the migration/invasion effect from the proliferation effect, the same number of cells were seeded onto a regular culture plate. and injected into the tail vein of 6-week-old male NOD/SCID mice (BioLASCO Taiwan Co.). Lung metastasis was monitored by bioluminescence imaging using a PerkinElmer in vivo imaging system (IVIS) and by histological analysis.
For the syngeneic mouse model, 2.5 × 10 5 LLC1 cells were inoculated into the s.c. dorsal area of 6-week-old male C57BL/6 mice (National Laboratory Animal Center, Taipei, Taiwan). The size of primary tumors was measured regularly after tumor inoculation. Primary tumors were surgically removed when they reached approximately 800 mm 3 in size, and lungs were harvested 2 weeks later.
For the GEMM, KPW mice were generated by crossing Wdr4 fl/fl mice (39) with KP mice (Mouse Models of Human Cancer Consortium), which were maintained on a mixed 129Sv/C57BL/6 background. For lung tumor induction, intratracheal inhalation of 6-to 8-week-old male and female mice with Ad-Cre viruses (Gene Transfer Vector Core, University of Iowa) was performed according to a previously reported protocol (40) . APCP (Sigma-Aldrich) was injected i.p. at a daily dose of 20 mg/kg for 10 days, starting on 1 day after Ad-Cre administration, and then at a dose of 10 mg/kg at 2-day intervals until sacrifice. Histology and immunohistochemical analyses. Lungs were removed from the mice after heart perfusion, fixed in 4% paraformaldehyde for 2 days, and then transferred to 50% ethanol for the preparation of paraffin-embedded sections. For histological analysis, sections were stained with H&E. Tumor burden (tumor area to total lung area) was quantified with PatternQuant module (3DHISTECH Ltd.). For immunohistochemical analysis, antigen retrieval was performed by boiling in target retrieval solution (S1700; Dako) with a pressure cooker for 20 minutes (for mouse tissues) or by heat denaturation of paraffinembedded sections with 10 mM sodium citrate (pH 6.0) for 30 minutes. Endogenous peroxidase activity was blocked by incubation in 3% H 2 O 2 at room temperature for 20 minutes. The sections were blocked with PBS containing 10% goat serum and incubated with various antilisted in Supplemental Table 1 . MG132 was purchased from Calbiochem. CHX was obtained from Sigma-Aldrich.
RT-qPCR. Total RNA was extracted from cells using TRIzol Reagent (Invitrogen, Thermo Fisher Scientific) or a NucleoSpin RNA Kit (Macherey-Nagel) and quantified by NanoDrop (Thermo Fisher Scientific). Reverse transcription was performed using an iScript cDNA Synthesis Kit (Bio-Rad). For qPCR analysis, a LightCycler 480 SYBR Green I Master Kit (Roche) was used, and amplification was performed on a LightCycler 480 System. To normalize for cDNA loading, GAPDH or ACTB was used as an internal control. The PCR primers used in this study are listed in Supplemental Table 2 .
RNA interference and lentivirus transduction. Lentivirus-based shRNA constructs were obtained from the National RNAi Core Facility in Taiwan, and lentivirus generation and transduction were described previously (18) . Various siRNAs were obtained from Dharmacon. The target sequence for each shRNA and siRNA is listed in Supplemental Table 3 .
Western blotting, immunoprecipitation, and GST pull-down. Cell extraction was performed with RIPA lysis buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethyl sulphonyl fluoride, 1 μg/ml aprotinin, and 1 μg/ml leupeptin. Immunoprecipitation using cell lysates containing equal amounts of proteins was performed as described previously (61) . For GST pull-down, recombinant Flag-PML-I was purified from baculovirus with anti-Flag agarose beads and eluted with Flag-peptide. GST-WDR4 or GST was immobilized on glutathione-sepharose beads and incubated with the Flag-PML-I in the binding buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, and 1% NP-40. The beads were washed, and bound proteins were analyzed by Western blotting.
Ubiquitination assays. In vitro ubiquitination of baculovirally purified PML-I using a CRL4 WDR4 E3 ligase complex purified from transfected 293T cells was performed following a previously described protocol (18) . For in vivo ubiquitination, cells transfected with various constructs, together with Myc-ubiquitin or His-ubiquitin, were treated with MG132 for 16 hours and lysed by RIPA buffer or under denaturing conditions, respectively. Ubiquitination was analyzed by immunoprecipitation as previously described (18) . Microarray. cDNA microarray was conducted by Phalanx Biotech using the Human OneArray platform. GO analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources 6.7 (https://david.ncifcrf. gov/). The data sets of the cDNA microarray for WDR4 versus control and for PML siRNA versus control were deposited in the NCBI's GEO database (GEO GSE83499).
CM preparation. For preparation of the CM, cells (7 × 10 6 for the MMP assay and 1.2 × 10 6 for Western blotting) were cultured in serumfree medium for 48 hours. Cell viability was ascertained by a trypan blue dye exclusion assay and was greater than 95%. The media were collected and concentrated with Amicon Ultra centrifugal filter units. MMP activity assay. MMP2 and MMP9 activity was assayed using a QuickZyme Human Activity MMP2 Assay Kit (QuickZyme Bioscience) and an Amersham MMP9 Biotrack Activity Assay System (GE Healthcare), respectively. In brief, concentrated CM was added onto precoated wells. After incubation at 4°C overnight, detection reagent was added, and the plate was read at 405 nm to obtain values at t = 0 hours. The plate was then incubated at 37°C for 6 hours to obtain values at t = 6 hours. Endogenous MMP activity was calculated by jci.org Volume 127 Number 8 August 2017
were used to compare survival differences. A P value of less than 0.05 was considered statistically significant. Study approval. All studies using human tissues and primary human cells were approved by the IRBs of Academia Sinica, National Taiwan University Hospital, and National Cheng Kung University. Written informed consent was received from patients prior to their inclusion in the study. All mouse experiments were conducted with approval from the Experimental Animal Committee of Academia Sinica.
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bodies at 4°C for overnight. The bound antibody was detected by the Super-Picture Polymer Detection Kit (Invitrogen, Thermo Fisher Scientific). The counterstaining was performed with hematoxylin. WDR4 and PML expression in human specimens was scored semiquantitatively as high or low on the basis of staining intensity and percentage of cells that stained positive. For the quantification of tumor-infiltrating leukocytes, whole lung images were acquired using Pannoramic 250 FLASH II software. The ratio of immunohistochemical-positive area to hematoxylin-positive area in 24 tumor regions randomly selected by the Pannoramic Viewer was analyzed by ImageJ software (NIH).
Human specimens. The multitissue microarray (MTU951) was obtained from Biomax Inc. Lung cancer tissue specimens were obtained from the National Cheng Kung University Hospital. Detailed clinico pathological characteristics of the enrolled patients are provided in Supplemental Table 4 .
Flow cytometry. For flow cytometric analysis of mouse lung cells, blood was removed from the lungs by heart perfusion. The resected mouse lungs were washed with PBS twice to remove residual blood and were mechanically dissociated with surgical scissors. To generate single cells, lungs were digested for 40 minutes at 37°C in HBSS containing collagenase type I (0.5 mg/ml), collagenase type IV (0.5 mg/ ml), DNase I (40 U/ml), hyaluronidase (0.2 mg/ml), and CaCl 2 (5 mM). The tumor suspension was strained using a 70-μm cell strainer, and red blood cells were lysed with ammonium chloride potassium (ACK) lysing buffer. Single-cell suspensions were preincubated with anti-CD16/32 Fc receptor-blocking antibody (clone 93; eBioscience) and stained with the respective antibodies. Foxp3 staining was performed according to the manufacturer's instructions. Fixable Viability Dye eFluor 780 (eBioscience) was used to exclude dead cells from analysis. FACS analysis was performed with the LSRII Flow Cytometer (BD Biosciences) and analyzed with FlowJo 10.0.7 software.
Bioinformatics. TCGA level 3 RNAseqV2 data, along with the clinical data (https://wiki.nci.nih.gov/display/TCGA/RNASeq+Version+2) released on March 4, 2015, were downloaded automatically using a modified R package, TCGA-Assembler. Additionally, microarray data from human lung cancer patients were retrieved from the NCBI's GEO databases. The data were normalized and transformed as log 2 values. The analysis of lung cancer patient survival was conducted through the ProGgeneV2 Prognostic Database (http://watson.compbio.iupui. edu/chirayu/proggene/database/index.php).
Statistics. A 2-tailed, unpaired t test was used for comparisons between 2 groups, and ANOVA was used for multigroup comparisons. Fisher's exact test was applied for analysis of the association with clinicopathological data. A Kaplan-Meier estimation and log-rank test
